This study examined the mechanism by which exposure to lipopolysaccharide (LPS) alters mu-opioid receptor (MOR) expression in immune and neuronal cells using an in vitro conditioned medium model system. We found that LPS stimulated the intracellular accumulation of reactive oxygen species (ROS) and MOR expression in macrophage-like TPA-HL-60 cells. Conditioned medium from the LPS-stimulated TPA-HL-60 cells increased MOR expression in SH-SY5Y cells, a neuronal cell model, through actions mediated by TNF-α and GM-CSF. These data suggest that the endotoxin, LPS, modulates MOR expression in nervous and immune cells via ROS signaling, and demonstrates the crosstalk that exists within the neuroimmune axis.
Introduction
Lipopolysaccharide (LPS), an outer-membrane component of gramnegative bacteria, is a well characterized endotoxin that activates the immune system, and, in particular, induces inflammation (Parrillo et al., 1990; Dunn, 1991; Raetz and Whitfield, 2002; Lopez-Bojorquez et al., 2004; Rumpa et al., 2010) . In some cases, endotoxemia progresses to severe sepsis, resulting in multiple organ dysfunction, septic shock, and death (Lopez-Bojorquez et al., 2004; Qu et al., 2009 ). Morbidity associated with severe sepsis is high. There are one million deaths from sepsis worldwide, and approximately 25-30% of the cases are due to gram-negative bacterial infection (Rumpa et al., 2010) .
The host-mediated response to endotoxemia involves the secretion of inflammatory cytokines and mediators as well as the activation of the coagulation and complement cascades (Dunn, 1991; LopezBojorquez et al., 2004; Andreasen et al., 2008) . The increased levels of circulating inflammatory cytokines resulting from LPS endotoxemia exacerbate systemic inflammation. Our previous studies showed that the levels of the pro-inflammatory cytokines, TNF-α, IL-1β, and IL-6, are elevated in both the serum and brain of rats treated systemically with LPS (Ocasio et al., 2004; Chen et al., 2005) . Other studies have reported an increase in the secretion of IL-1β and TNF-α from macrophages following LPS treatment (Evans et al., 1991; Hsu and Wen, 2002) . Our previous findings also indicated that LPS couples the immune and nervous systems via actions mediated by proinflammatory cytokines on the hypothalamic-pituitary-adrenal (HPA) axis and that such cross-talk is necessary in order to maintain homeostasis in response to infection (Chang et al., 1998) .
Inflammatory cytokines can modulate the expression of the muopioid receptor (MOR) in both neuronal and immune cells. In 1998, we reported that co-treatment with IL-1α and IL-1β increases MOR expression in microvascular endothelial cells (Vidal et al., 1998) . IL-6 increases MOR expression and MOR binding in SH-SY5Y neuroblastoma cells (Borner et al., 2004) , and TNF-α increases MOR expression in human T lymphocytes, Raji B cells, U937 monocytes, primary human polymorphonuclear leukocytes, and mature dendritic cells (Kraus et al., 2003) .
The activation of the opioidergic pathway via the MOR leads to suppression of the immune response (Gaveriaux-Ruff et al., 1998; Wang et al., 2002) . Chronic administration of morphine, a MOR agonist, desensitizes the pro-inflammatory cytokine-mediated effects on the HPA axis and deregulates the immune response in rats (Chang et al., 1995 (Chang et al., , 1996 (Chang et al., , 2001 Chen et al., 2005) . In addition, deregulation of immune responses by exogenous opioids leads to many of the complications associated with LPS-induced endotoxic shock (Chang et al., 1998 (Chang et al., , 2001 Chen et al., 2005) .
Reactive oxygen species (ROS) are highly reactive molecules produced during cellular respiration (McCord and Fridovich, 1978; Bast and Goris, 1989; Bayir, 2005) . Both intracellular and extracellular ROS are maintained at non-lethal levels by superoxide dismutases, catalases, and a thiol-reducing buffer consisting of glutathione and thioredoxion (Nakamura et al., 1997; Gamaley and Klyubin, 1999) . However, disease and stress can alter a cell's ability to effectively regulate ROS. Elevated 
